The Neoarchean Stillwater Complex, one of the world's largest known layered intrusions and host to a rich platinum-group element deposit known as the J-M Reef, represents one of the cornerstones for the study of magmatic processes in the Earth's crust. A complete framework for crystallization of the Stillwater Complex is presented based on the trace element geochemistry of zircon and comprehensive U-Pb zircon-baddeleyite-titanite-rutile geochronology of 22 samples through the magmatic stratigraphy. Trace element concentrations and ratios in zircon are highly variable and support crystallization of zircon from fractionated interstitial melt at near-solidus temperatures in the ultramafic and mafic cumulates (Ti-in-zircon thermometry ¼ 980-720 C). U-Pb geochronological results indicate that the Stillwater Complex crystallized over a $3 million-year interval from 2712 Ma (Basal series) to 2709 Ma (Banded series); late-stage granophyres and at least one phase of post-emplacement mafic dikes also crystallized at 2709 Ma. The dates reveal that the intrusion was not constructed in a strictly sequential stratigraphic order from the base (oldest) to the top (youngest) such that the cumulate succession in the complex does not follow the stratigraphic law of superposition. Two distinct age groups are recognized in the Ultramafic series. The lowermost Peridotite zone, up to and including the G chromitite, crystallized at 2710 Ma from magmas emplaced below the overlying uppermost Peridotite and Bronzitite zones that crystallized earlier at 2711 Ma. Based on the age and locally discordant nature of the J-M Reef, the base of this sequence likely represents an intrusion-wide magmatic unconformity that formed during the onset of renewed and voluminous magmatism at 2709 Ma. The thick anorthosite units in the Middle Banded series are older (2710 Ma) than the rest of the Banded series, a feature consistent with a flotation cumulate or 'rockberg' model. The anorthosites are related to crystallization of mafic and ultramafic rocks now preserved in the Ultramafic series and in the lower part of the Lower Banded series below the J-M Reef. The Stillwater Complex was constructed by repeated injections of magma that crystallized to produce a stack of amalgamated sills, some out-of-sequence, consequently it does not constitute the crystallized products of a progressively filled and cooled magma chamber. This calls into question current concepts regarding the intrusive and crystallization histories of major open-system layered intrusions and challenges us to rethink our understanding of the timescales of magma processes and emplacement in these large and petrologically significant and remarkable complexes.
INTRODUCTION
Layered intrusions play a key role in illustrating compositional diversity in magmas in the Earth's crust (Wager & Brown, 1967; Parsons, 1987; Cawthorn, 1996; Charlier et al., 2015) . They represent a critical link in the differentiation pathway of basaltic magma from partial melting in the uppermost mantle, through storage in crustal reservoirs to eruption, in many cases as voluminous and extensive flood basalts (e.g. Duluth Complex, Paces & Miller, 1993; Stillwater Complex, Helz, 1995; Muskox intrusion, Mackie et al., 2009) . These intrusions also host world-class ore bodies of chromium, platinum group elements (PGE), and vanadium (e.g. Jackson, 1961; Naldrett et al., 1987; Cawthorn et al., 2005) . From a temporal perspective, layered intrusions constitute parts of Earth's earliest greenstone belts (e.g. layered sills associated with the Ujaraaluk unit -O' Neil et al., 2007 Neil et al., , 2012 ; Stella intrusion; Maier et al., 2003) and are present throughout geologic time to the Cenozoic intrusions associated with continental and oceanic flood basalts (e.g. Eocene Skaergaard intrusion, East Greenland, Wotzlaw et al., 2012 ; Oligocene Val intrusion, Kerguelen Archipelago, Scoates et al., 2007) . Studies of the Neoarchean Stillwater Complex, a large mafic-ultramafic layered intrusion in the Beartooth Mountains of southern Montana (USA), have profoundly influenced our understanding of the origin and evolution of igneous processes and mineralization in crustal magma chambers (e.g. Howland et al., 1936; Peoples & Howland, 1940; Hess, 1960; Jackson, 1961 Jackson, , 1969 Conn, 1979; Page, 1979; McCallum et al., 1980; Todd et al., 1982; Campbell et al., 1983; Irvine et al., 1983; Raedeke & McCallum, 1984; Boudreau, 1988 Boudreau, , 2016 Zientek & Ripley, 1990; McCallum, 1996; Meurer & Boudreau, 1996; Godel & Barnes, 2008; Selkin et al., 2008; Keays et al., 2012; Aird & Boudreau, 2013; Barnes et al., 2015) . In contrast, a systematic geochronological framework from the base to the top of the intrusion for assessing the age and duration of magmatism of the Stillwater Complex has not been established, despite the intrusion being the focus of numerous geochronological investigations since the late 1960 s (e.g. Fenton & Faure, 1969; Nunes & Tilton, 1971; DePaolo & Wasserburg, 1979; Premo et al., 1990) .
Although historically considered as relatively poor candidates for dating studies, mafic and ultramafic rocks of layered intrusions may locally contain small pockets of late-crystallized interstitial minerals where U-Th-Pb-bearing phases (e.g. zircon, baddeleyite, apatite, rutile) occur with quartz, Na-rich plagioclase, K-feldspar, or biotite (e.g. Scoates & Chamberlain, 1995; Schwartz et al., 2005; Scoates & Friedman, 2008; Grimes et al., 2009; Morisset et al., 2009; Zeh et al., 2015; Scoates & Wall, 2015; Mungall et al., 2016) .
During the past decade, major advances in sample pretreatment, instrument sensitivities, and data reduction protocols for U-Th-Pb geochronology (e.g. chemical abrasion-ID-TIMS or CA-ID-TIMS, Mattinson, 2005 ; EARTHTIME tracers and synthetic standards, Condon, 2005; Condon et al., 2015; McLean et al., 2015) have led to significantly improved precision and accuracy of dates (Schmitz & Kuiper, 2013; Schoene, 2014) . Combined with the ability to efficiently extract zircon from layered intrusions based on selecting appropriate samples (e.g. Scoates & Wall, 2015; Zeh et al., 2015; Mungall et al., 2016) , these advances open up the possibility of determining ages of crystallization for multiple samples throughout a stratigraphic sequence of cumulates, specifically for those intrusions that show mineralogical and geochemical evidence for open-system behaviour and magma replenishment events like the Stillwater Complex (e.g. Jackson, 1961; McCallum et al., 1980; Irvine et al., 1983; Wooden et al., 1991; Lipin, 1993; McCallum, 1996) . Together with its use as a mineral chronometer, the trace elements of zircon allow for evaluating the geochemical evolution of crystallizing melt as a function of temperature and time (e.g. Finch & Hanchar, 2003; Whitehouse & Platt, 2003; Ferry & Watson, 2007; Harley & Kelly, 2007; Schoene et al., 2012; Barboni & Schoene, 2014; DesOrmeau et al., 2015; Samperton et al., 2015; Deering et al., 2016) .
In this study, a high-precision geochronologic framework for the crystallization of the Stillwater Complex is provided based on U-Pb dating results for 22 samples, including mafic and ultramafic cumulates representing the entire $6000 m thick stratigraphic sequence, mineralized units, and cross-cutting mafic dikes and granophyres. Samples collected from many of the major petrologic units in the intrusion allow for the production of an unprecedented record of age variations for a major layered intrusion. The high-precision U-Pb dating includes ages from both of the enigmatic thick anorthosite horizons in the uppermost part of the exposed intrusion (e.g. Anorthosite-II or AN2; and from the PGE-rich J-M Reef , which was sampled along strike to test for lateral variations in age. These dates, combined with trace element compositions of zircon, are used to determine the age and duration of magmatism in the Stillwater Complex and to assess the composition and evolution of latestage interstitial melts. The results of this study contribute to understanding whether there is evidence for variations in the timescales of magma addition and magma flux (i.e. periods of enhanced or reduced magmatic activity) and whether the intrusion was constructed in a sequential stratigraphic order from oldest at the bottom to youngest at the top.
GEOLOGIC SETTING AND STRATIGRAPHY OF THE STILLWATER COMPLEX
The c.2Á7 Ga Stillwater Complex is exposed within the Beartooth Mountains of southern Montana, one of the major exposed blocks of the Archean Wyoming Province. It crops out over an area of approximately 200 km 2 and consists of a $45 km-long, 6Á5 km-thick, relatively steeply dipping sheet of layered mafic-ultramafic rocks and an associated marginal suite of sills and dikes (Hess, 1960; Jackson, 1961; McCallum, 1996; Boudreau, 2016) (Fig. 1 ). Early regional gravity and magnetic surveys indicated that the Stillwater Complex extends at depth approximately 25 km to the northeast of the Beartooth Mountains front (Blakely & Simpson, 1984; Kleinkopf, 1985) and more recent analysis from a 3 D gravity model indicates that the buried extent of the Stillwater Complex extends 30 km to the north and 40 km to the east (Finn et al., 2013 (Finn et al., , 2016 . The Stillwater Complex was emplaced at shallow depths in the crust (6-7 km), possibly as a sub-volcanic intrusion, into a c.3Á3 Ga metasedimentary sequence consisting of pelitic schists, iron formations and quartzites (Page, 1977; Mogk & Mueller, 1990; Helz, 1995; Labotka & Kath, 2001 ). Contact metamorphism produced a large, high-temperature contact aureole along the base of the intrusion, including an inner 500-1000 m wide hypersthene hornfels zone at the contact (650-800 C), and an outer 500-1500 m wide cordierite þ cummingtonite hornfels zone (Labotka & Kath, 2001 ; Thomson, 2008) . The Mouat quartz monzonite, a coarse-grained quartz monzonite, occurs along the southeastern basal part of the Stillwater Complex and based on contact relations appears to be younger than the mafic-ultramafic rocks (Nunes & Tilton, 1971; Page & Nokleberg, 1972) . The complex was intruded by many generations of mafic dikes and was subjected to regional metamorphism at c.1Á7 Ga, an event that locally produced greenschist facies mineral assemblages (Nunes & Tilton, 1971; Page, 1977; McCallum et al., 1999) . The Stillwater Complex was uplifted, tilted, and eroded prior to the Middle Cambrian. The uppermost part of the intrusion and its upper intrusive contact are missing and the complex is overlain by Paleozoic and Mesozoic sedimentary rocks.
The Stillwater Complex has been divided into the Basal, Ultramafic, Lower Banded, Middle Banded, and Upper Banded series (McCallum et al., 1980; Raedeke, 1982; McCallum, 1996) (Fig. 1) . The Basal series (60-400 m thick) is an irregular sheet-like body dominated by orthopyroxenite with subordinate norite and sulphide-bearing assemblages, and it contains xenoliths of cordierite-pyroxene hornfels (Page, 1979; McCallum, 1996) . A sill/dike suite includes discontinuous sills and dikes of diabase, mafic norite, and massive sulphide that intrude metasedimentary rocks beneath the complex (Zientek, 1983) ; five chemical groups are distinguished in the sill/dike suite (Helz, 1985 (Ni) in the Basal series, the chromitite seams (A-K) in the Peridotite zone, the PGE-rich J-M Reef near the top of Olivine-bearing zone I, and the PGE-rich Picket Pin mineralized zone (PPZ) at the top of Anorthosite zone II (stratigraphic section after McCallum, 1996) . Abbreviations on the section: N1, Norite zone I; GN1, Gabbronorite zone I; OB1, Olivine-bearing zone I; N2, Norite zone II; GN2, Gabbronorite zone II; OB2, Olivine-bearing zone II; AN1, Anorthosite zone I; OB3, Olivine-bearing zone III; OB4, Olivine-bearing zone IV; AN2, Anorthosite zone II; OB5, Olivine-bearing zone V; GN3, Gabbronorite zone III. (b) Generalized geologic map of the Stillwater Complex showing the major series, the position of the J-M Reef (black solid line), and the sample locations of mafic-ultramafic rocks (yellow stars) and granophyres (red stars); map modified from Zientek et al. (2005 the lower Peridotite zone and upper Bronzitite zone (Jackson, 1961; Raedeke & McCallum, 1984; McCallum, 1996) (Fig. 1) . The Peridotite zone contains approximately 20 cyclic units, where a complete unit consists of peridotite-harzburgite-bronzitite (orthopyroxenite), with or without chromitite seams, that are attributed to multiple magma injections during open-system magmatism (Raedeke & McCallum, 1984; Cooper, 1997) . The Banded series, ranging in thickness from 4468 m in the Contact Mountain area to 1935 m in the Picket Pin area, is dominated by plagioclase-rich rocks (norite, gabbronorite, troctolite, anorthosite). The 1800 m thick Middle Banded series contains two thick anorthosite zones, Anorthosite-I (AN1) and Anorthosite-II (AN2) ( Fig. 1 ) (Haskin & Salpas, 1992; McCallum, 1996) . The Stillwater Complex hosts a variety of mineral deposits, including Ni-Cu sulphide deposits associated with the Basal series (Howland et al., 1936; Page et al., 1985) , chromitite seams (A-K) in the Peridotite zone (Jackson, 1961; Raedeke & McCallum, 1984; Lipin, 1993; Cooper, 1997; Horan et al., 2001; Lenaz et al., 2012) , and the world-class platinum group element (PGE) deposit known as the J-M Reef in the Lower Banded series (Todd et al., 1982; Irvine et al., 1983; Barnes & Naldrett, 1985 Mann et al., 1985; Page et al., 1985; Lambert & Simmons, 1988; Boudreau, 1988; Godel & Barnes, 2008) (Fig. 1) . Although volumetrically minor, small bodies of granophyre occur throughout the Banded series . They are present as white to pink veins, 1-12 cm thick and up to 100 m long, composed nearly exclusively of quartz and sodic plagioclase with some veins containing large splays (30 cm length) of tremolitic to actinolitic amphibole. A large 'alaskite' (coarse-grained alkali granite) body with quartz-rich segregations and veins occurs over an area of 130 x 210 m within AN1 of the Middle Banded series about 2 km south of Picket Pin Mountain (Fig. 1) . The granophyres, typically oriented at high angles to layering, have sharp linear contacts and narrow tapering terminations indicating that they were emplaced after consolidation of the host mafic rocks. The granophyres have been interpreted as crystallization differentiates that evolved in equilibrium with a high-temperature aqueous chloride solution during the final stages of crystallization of the mafic cumulates of the Banded series .
PREVIOUS GEOCHRONOLOGY OF THE STILLWATER COMPLEX
The Stillwater Complex has been a focus of geochronology studies since the late 1960s (e.g. Fenton & Faure, 1969; Kistler et al., 1969; Nunes & Tilton, 1971 Pb date from strongly discordant analyses. DePaolo & Wasserburg (1979) produced a relatively precise whole rock-mineral Sm-Nd isochron of 2701 6 8 Ma for gabbronorite from the Gabbronorite zone II of the Lower Banded series that was generally accepted as the age of crystallization of the Stillwater Complex.
In the early 1990s, several studies provided new UPb zircon geochronological results for the Stillwater Complex (Table 1) . Premo et al. (1990) successfully extracted zircon and baddeleyite from a range of rock types in the Stillwater Complex, including from the mafic sill/dike suite and from the Lower Banded series. They reported U-Pb dates (as upper intercepts with concordia) from the analysis of multi-grain zircon fractions, associated with variable amounts of Pb loss, that were separated from footwall mafic sills and dikes, including 2711 6 1 Ma from a Group 1 gabbronorite, 2712 6 3 Ma from a Group 4 high-Ti norite, and 2703 6 10 Ma for a Group 3 mafic norite where the results were highly discordant (D ¼ 7-32%). They combined the results from two samples from the Lower Banded series, a pegmatoidal anorthosite from the J-M Reef and a mafic pegmatoid from a thin anorthosite layer near the base of the Gabbronorite zone II, to produce a composite zircon-baddeleyite age of 2705 6 4 Ma (upper intercept based on results from 7 multi-grain fractions), which was reduced to 2704 6 1 Ma, with a lower intercept date of 351 Ma, when the results of two fractions from the Gabbronorite-II sample were omitted. Czamanske et al. (1991) attempted to date the age of crystallization of the large alaskite body in the Middle Banded series south of Picket Pin Mountain to confirm its timing as a late-stage differentiate. Five multi-grain zircon fractions (10-19 grains) from this sample were characterized by very high U concentrations (1444-6845 ppm), strong discordance (D < 78%), and yielded an upper intercept with concordia of 2132 6 98 Ma and a lower intercept of 162 6 45 Ma. They attributed the UPb results for zircon from the alaskite to a c.2Á1-2Á2 Ga thermal event that reset the U-Pb systematics of these radiation-damaged grains and to extensive Pb loss.
In the context of the present study on high-precision dating of the Stillwater Complex, several samples from the Banded series have been dated using the CA-TIMS U-Pb zircon technique of Mattinson (2005) and are reported in and (Table 1) . Zircon from a sample of AN2 in the Middle Banded series was evaluated as a potential natural reference material for U-Pb geochronology in . The U-Pb results for nine single grains are concordant and yield a weighted mean 207 Pb/ 206 Pb date of 2710Á44 6 0Á32 Ma, which is interpreted as the crystallization age of this leucogabbro. In , the age of the PGE-rich J-M Reef was investigated as a time marker in the crystallization of the Stillwater Complex. The analyses yield statistically indistinguishable ages, including 2709Á11 6 0Á56 Ma from the Frog Pond adit, 2709Á28 6 0Á32 Ma from the East Boulder mine, and 2709Á00 6 0Á45 Ma from the West Fork area, and reveal that the J-M Reef is younger than the dated sample of AN2 at higher stratigraphic levels of the intrusion. These CA-TIMS results for the Banded series indicate that the Premo et al. (1990) date of 2704 Ma is likely too young to be considered as a crystallization age and that there are age differences preserved within the stratigraphic sequence of cumulates that comprise the Stillwater Complex.
SAMPLING, PROCESSING, AND IMAGING
Sampling and U-Th-Pb-Bearing Accessory Mineral Distribution Sampling was conducted over the course of two field seasons (2005, ST05-series; 2011, ST11-series; Table 2 ) and the sampling strategy has been outlined in Scoates & Wall (2015) . A total of 29 samples for dating were collected, representing the exposed stratigraphic sequence of the Stillwater Complex. Material was sampled from most of the major zones of the intrusion and included nine ultramafic rocks, 15 mafic rocks (including anorthosites), four granophyres, and one monzonitic rock (Table 2, Fig. 2 ). The samples cover $3/4 of the strikelength of the exposed Stillwater Complex from the Benbow area in the east to the Chrome Mountain area of the East Boulder Plateau in the west (Fig. 1) . To test synchroneity along 15 km of strike length, three samples of the PGE-rich J-M Reef were collected (ST05-08, Frog Pond adit; ST11-16, West Fork adit; ST11-37, East Boulder mine; Table 2 ); the results on these samples are reported in as noted above. A sample (ST11-34) of Archean quartz monzonite (Mouat quartz monzonite of Butler, 1966) from near the Stillwater mine was collected to verify that this felsic intrusion is indeed younger than the Stillwater Complex (Page & Nokleberg, 1972) . Finally, a mafic dike (ST12-01) that cuts the J-M Reef was also sampled to establish the timing of post-crystallization mafic magmatism in the Stillwater Complex.
Yields for U-Th-Pb-accessory minerals in the Stillwater Complex were excellent with zircon 6 baddeleyite present in 17 of the 24 mafic-ultramafic samples, zircon þ titanite þ rutile present in all four granophyres, and abundant zircon recovered from the Mouat quartz monzonite (Table 2) . Sample selection in Meurer, unpublished data) as indices of higher abundances of minerals that may have crystallized from fractionated interstitial melt, thus reflecting a higher probability for the recovery of U-Th-Pb-bearing minerals. Based on these initial sampling criteria, the success rate was 50% with four of the eight mafic-ultramafic samples containing zircon 6 baddeleyite. In summer 2011, sampling specifically targeted rocks of the Ultramafic series and the strategy for selecting samples focused primarily on textural features using knowledge gained from sampling mafic-ultramafic rocks in the intervening years (e.g. Bushveld Complex, Scoates & Friedman, 2008 , Scoates & Wall, 2015 Grenville anorthosites, Morisset et al., 2009; Muskox intrusion, Mackie et al., 2009; Bird River sill, Scoates & Scoates, 2013; Thompson Nickel Belt, Scoates et al., 2017) . Outcrops that contained coarse-grained (pegmatitic) patches, especially with coarse interstitial plagioclase (e.g. feldspathic pyroxenites), or plagioclase-rich rocks with relatively abundant or irregular distributed poikilitic to sub-poikilitic pyroxene were preferentially sampled ( Fig. 2) (Scoates & Wall, 2015) . As a result, zircon (6 baddeleyite) was recovered from more than 90% of the samples (13 out of 14 samples processed), including nearly all of the rocks collected from the Ultramafic series.
In the mafic-ultramafic rocks (Fig. 2) , zircon occurs predominantly as subequant grains, 25 to 150 lm in diameter, in interstitial pockets associated with quartz, biotite, plagioclase, and alkali feldspar (completely replaced by secondary sericite) (Fig. 3a-h ). Zircon is also found locally along chromite grain boundaries in ultramafic rocks (Fig. 3c ) and included within plagioclase in the Banded series (Fig. 3h) . Despite evidence for strong alteration in the silicates around some zircon (Fig. 3a, b , e, f), the crystals are transparent and show ST05-06, alaskite); note the sharp contact between zircon, quartz, and K-feldspar and the irregular contact between zircon and highly altered K-feldspar (replaced by secondary sericite). (l) Euhedral zircon crystal at the contact between quartz and altered hornblende (PPL: ST11-34, Mouat quartz monzonite). Mineral abbreviations: ol, olivine; serp, serpentine; plag, plagioclase; chl, chlorite; chr, chromite; rut, rutile; ser, sericite; qtz, quartz; po, pyrrhotite; badd, baddeleyite; hbl, hornblende. no visual signs of alteration. Baddeleyite grains are scarce in thin section in the mafic-ultramafic rocks, reflecting its relatively low recovery in mineral separates. Where present, baddeleyite occurs as small (<100 lm in length), euhedral grains commonly associated with the 'felsic' pockets of interstitial quartz and alkali feldspar (Fig. 3i) ; zircon and baddeleyite have not been observed together in the same interstitial pocket. Small amounts of rutile are present in the AN2 sample ST05-03 (Table 2) where it occurs as small (30-60 lm diameter) anhedral crystals in clusters that formed from the breakdown of magmatic titanite. Based on its low U concentrations (<0Á1 ppm) and high common Pb contents , this rutile is likely secondary and formed during a post-crystallization hydrothermal alteration event.
All four granophyres sampled from cross-cutting pegmatites, and from granophyric veins and intrusions in the Banded series (Fig. 2n) , contain zircon, titanite, and rutile (Table 2 ). In contrast to zircon from the maficultramafic rocks of the Stillwater Complex, zircon in the granophyres is large (50-300 lm in diameter) and typically euhedral ( Fig. 3j-k) . Titanite occurs as large (100-250 lm in diameter), euhedral crystals associated with quartz and plagioclase-rich zones in the granophyres and primary rutile (20-60 microns in diameter) is found within altered biotite or hornblende crystals (Wall, 2009) . The Mouat quartz monzonite (Fig. 2o) , contains abundant euhedral zircon with well-developed prismatic terminations.
Sample Processing and Imaging
Mineral treatment protocols were carried out at the Pacific Centre for Isotopic and Geochemical Research (PCIGR) at the University of British Columbia, Vancouver (Canada). Zircon, baddeleyite, titanite, and rutile grains were separated from samples using conventional crushing, grinding, and Wilfley table techniques, followed by final concentration using heavy liquids and magnetic separation. All mineral fractions for analysis were hand-picked in methanol under magnification using a binocular microscope and selected based on grain morphology, quality, and size. Backscattered electron (BSE), secondary electron (SE), and cathodoluminescence (CL) imaging of zircon and baddeleyite grains was carried out on a Philips XL-30 scanning electron microscope (SEM) at a voltage of 15 kV and equipped with a Bruker Quanta 200 energydispersion X-ray microanalysis system at the Electron Microbeam/X-Ray Diffraction Facility (EMXDF) at the University of British Columbia.
Cathodoluminescence images highlight the character of zoning present in zircon from mafic-ultramafic rocks of the Stillwater Complex ( Fig. 4a-t) . The total CL emission intensity is relatively low. The images demonstrate a lack of resorbed cores and there is no evidence for inheritance or xenocrysts in any of the samples throughout the entire stratigraphic sequence.
Overgrowths and inclusions are rare in the zircon grains from the least magnetic fractions (N2) selected for U-Pb dating and trace element analysis. The external morphology of zircon ranges from irregular grains to grains with well-developed crystal faces ( Fig. 4i-n) ; based on zoning patterns, many of the imaged (and dated) grains appear to be fragments of larger crystals. Sector zoning is the most predominant feature in zircon grains from the Ultramafic and Lower Banded series with oscillatory zoning more common in rocks from the Middle and Upper Banded series (Fig. 4n , q-t). Sector zoning is characteristic of zircon that crystallized from fractionated interstitial melt late in the consolidation history of mafic rocks (Scoates & Wall, 2015) and may reflect relatively rapid crystallization and the formation of minor defects related to local differences in the primary crystallinity of the grains (e.g. Corfu et al., 2003; Nasdala et al., 2003) . Zircon from a coarse-grained gabbronorite at the top of Gabbronorite zone III in the Upper Banded series is distinguished by its euhedral morphology and well-developed oscillatory zoning (Fig. 4q, r) . Cathodoluminescence images of zircon from most of the granophyres (ST05-01, ST05-06, ST05-07) reveal complex internal features, including partially to completely metamict zones and abundant micrometer-scale pores resulting from extensive radiation damage and hydrothermal alteration (Ver Hoeve, 2013); zircon from ST05-13 is pristine with simple oscillatory zoning and no metamictization.
The backscattered and secondary electron images of baddeleyite grains from the Stillwater Complex reveal their tabular morphology, typically 100-150 microns in length ( Fig. 4u-x ). There is no internal zoning present in the baddeleyite grains. Baddeleyite ranges from pristine grains with no secondary zircon overgrowths or replacement patches (Fig. 4u ) through grains with rough external surfaces that consist of 1-3 micron-thick zircon overgrowths (Fig. 4v, w) to grains that contain secondary zircon in irregular patches in the interior (Fig. 4v) . The secondary zircon formed during post-crystallization reaction and replacement and is a common feature of baddeleyite (e.g. Heaman & LeCheminant, 1993; Rioux et al., 2010) .
ANALYTICAL METHODS
All analyses, LA-ICP-MS and U-Pb TIMS geochronology, were done at PCIGR (Vancouver, Canada). A brief overview of the methodology is provided below and the complete details of the different analytical methods may be found in the Supplementary Data; supplementary data are available for downloading at http://www. petrology.oxfordjournals.org.
LA-ICP-MS Analytical Procedures for Trace Elements in Zircon
Following cathodoluminescence imaging of zircon, in situ trace element analyses were done using a Resonetics RESOlution M-50-LR laser attached to an Agilent 7700x quadrupole ICP-MS. Raw data were reduced using the Iolite 2Á5 extension (Paton et al., 2011) for Igor Pro TM , yielding concentration values and respective propagated uncertainties. Multiple spots per grain were used to test both grain-to-grain and intragrain variability. Standards were analyzed throughout the sequence to allow for drift correction. NIST 612 glass was used for drift correction with sample spacing between every five unknowns and 90 Zr was used as the internal standard assuming stoichiometric values for zircon. NIST 610 glass was analyzed after each NIST 612 analysis and used as a monitor standard for trace elements to assess the accuracy and precision of the runs (Supplementary Data Fig. A1 ). Results for NIST-610 (n ¼ 129) over the course of the laser ablation sessions overlap within uncertainty with published values for all elements determined for this study (Jochum et al., 2011) . Analytical sessions were run within a 5-day interval to ensure maximum instrument stability and similar mass bias between runs. Representative ranges of trace element concentrations in zircon are reported in Table 3 and the complete trace element concentration results can be found in Supplementary Data Table A1 .
U-Pb Geochronology Analytical Procedures for Zircon, Baddeleyite, Titanite, and Rutile
Zircon was analyzed by CA-ID-TIMS following the procedures modified from Mattinson (2005) and adapted at PCIGR as outlined in Scoates & Friedman (2008) , Scoates & Wall (2015) , and . Baddeleyite, titanite, and rutile were analyzed by ID-TIMS -see the Supplementary Data for additional details. Isotopic ratios were measured on a modified single collector VG-354S (with Sector 54 electronics) thermal ionization mass spectrometer equipped with analogue Daly photomultipliers. Uranium fractionation was determined directly on individual runs using the EARTHTIME ET535 mixed 205 Pb-233 U-235 U isotope tracer and Pb isotope ratios were corrected for fractionation of 0Á25%/amu 6 0Á03% (2r) based on replicate analyses of NBS-982 reference material (Scoates & Wall, 2015) . Data reduction was completed using the Excel-based program of Schmitz & Schoene (2007) . Standard concordia diagrams, regression intercepts, and weighted averages were produced with Isoplot 3Á09 (Ludwig, 2003) . Unless otherwise noted all errors are quoted at the 95% confidence level (2r). The complete U-Pb analytical results can be found in Supplementary Data Table A2 (zircon), Table A3 (baddeleyite), Table A4 (titanite), and Table 4 also contains a column with the dates calculated using 238 U/ 235 U ¼ 137Á818 (Hiess et al., 2012) .
RESULTS

Trace Element Concentrations in Zircon
Trace element concentrations in zircon were determined in situ by LA-ICP-MS. A total of 376 point measurements were made on 112 grains from 16 samples and they represent a range of grain sizes, morphologies and internal zoning. The LA-ICP-MS analyses span a wide range of concentrations (Table 3; Figs 5-8), both within individual samples and between them. There is significant variation in some of the important trace elements that substitute in the crystal structure of zircon, including U (7-800 ppm), Th (5-1237 ppm), Hf (4200-13 000 ppm), and Ti (5-55 ppm) (Fig. 5) . Most of the analyzed zircon from the Stillwater Complex has typically low Th/U ($0Á5-1), however, zircon in pyroxenites and harzburgites from the Ultramafic series (e.g. , and a few spot analyses of zircon from the Basal series orthopyroxenite (ST11-02), are characterized by unusually high Th/U (2-22) (Fig. 5a ). Titanium contents are highest in zircon from the J-M Reef (up to 56 ppm in ST11-16) and lowest in those from the AN1 and AN2 anorthosites from the Middle Banded series ($5 ppm) (Fig. 5b) . The analyses from a number of samples show systematic trends of decreasing Ti with increasing Hf (Fig. 5b inset, Supplementary Data Fig. A2 ). Zircon from the anorthosites defines a distinctive field of relatively low Ti compared with the majority of zircon analyzed from other stratigraphic intervals of the Stillwater Complex. For zircon grains where multiple spot analyses were done, there does not appear to be a strong correlation between elemental concentration (e.g. Hf, Ti) and spatial distribution within individual grains (core v. rim) or CL response (e.g. dark, light) (Fig. 6 ).
The use of trace elements in zircon from mafic-ultramafic rocks in the Stillwater Complex as a petrologic fingerprint also includes Li and the rare earth elements (REE) (Figs 7 and 8). Lithium, an important substituting cation in zircon (e.g. Bouvier et al., 2012) , varies from 1-230 ppm with most analyses in the range of 10-30 ppm, in samples from all major series of the intrusion (e.g. Basal, Ultramafic, Banded) (Fig. 7a ). Li concentrations in Stillwater zircon are significantly higher than the very low contents of oceanic crust zircon (<0Á01 ppm; Grimes et al., 2009) and are typical of zircon from continental crustal environments (Ushikubo et al., 2008; Bouvier et al., 2012) . Stillwater zircon displays a wide range in total REE content (61-2452 ppm). Those from ultramafic rocks are characterized by low total REE (<400 ppm), whereas high total REE (typically higher than 1000 ppm) characterize zircon from the AN1 and AN2 anorthosites (Fig. 8b) , which are also distinguished by their light REE, or LREE, content (e.g. low Ce/Nd and low Ti, Fig. 7c) .
Zircon from the Stillwater Complex has variable (Sm/ La) N chondrite-normalized ratios (2-10 000), spanning the range from normal magmatic zircon to low ratios (<10) (Fig. 7d ). This may either be an effect of alteration of zircon by hydrothermal fluids (i.e. gain of LREE) or analyses of sub-micron inclusions during ablation (e.g. Hoskin & Schaltegger, 2003; Grimes et al., 2009) . The chondrite-normalized REE patterns are broadly subparallel with strong LREE-depletion, reflecting the relative incompatibility of LREE in zircon, and they have a slight concave-down shape in the HREE (Fig. 8) Fig. 7d, 8 ). In ST11-16, these anomalous analyses are from two grains (2, 11) that in CL images lack zoning and contain fractures that may host sub-micron inclusions of secondary minerals such as apatite, monazite, or allanite. Cathodoluminescence images of zircon from the Mouat quartz monzonite show strong oscillatory zoning and reveal minor inclusions; it is likely that the consistently flat LREE in the patterns for all zircon grains in this sample resulted from intersection of sub-micron inclusions during ablation.
U-Pb Geochronology Results
The CA-TIMS U-Pb data for zircon from the maficultramafic rocks are remarkably coherent and all samples yield weighted mean 207 Pb/ 206 Pb dates in the range from 2712 Ma to 2709 Ma (Fig. 9) . Many of the U-Pb results for the analyzed baddeleyite grains in the same samples also exhibit concordant results and similar dates ( Fig. 10a-g Table A3 ). The U-Pb results are concordant for zircon from the Mouat quartz monzonite (ST11-34, Fig. 10h ) and from one of the granophyres (ST05-13, Fig. 10i) ; the analyses of zircon from all other granophyres yield strongly discordant U-Pb results and variable ages (Supplementary Data Fig. A5 ). The uncertainty on the weighted mean 207 Pb/ 206 Pb dates reported in Figures 9 and 10 is in the 6X/Y/Z format (62r) of Schoene et al. (2006) with internal error in the absence of all systematic errors (6X), including tracer calibration error (6Y), and including uncertainty due to decayconstant errors (6Z); in the text below, all dates are reported using only the 6X format for comparison as all analyses are from the same laboratory. These dates are interpreted as the age of crystallization of zircon at near-solidus temperatures. In addition to the 12 samples reported below, U-Pb results are also available for a leucogabbro from Anorthosite-II and for three samples of the J-M Reef . Concordia plots for these additional samples are shown in Figures 9 and 10 for direct comparison with the entire U-Pb geochronological dataset from the Stillwater Complex.
Basal & ultramafic series
The oldest dated mafic-ultramafic rock in this study is a sulphide-bearing feldspathic orthopyroxenite (ST11-02) of the Basal series (Benbow area) with a weighted mean 207 Pb/ 206 Pb date of 2712Á24 6 0Á61 Ma (Fig. 9a ). Three samples from the Peridotite zone of the Note: results for all grains included in weighted mean calculations range from -0Á05 to 0Á5% discordance.
Ultramafic series yield a range of dates, including, from stratigraphically lowest to highest, a date of 2710Á26 6 0Á35 Ma for a poikilitic harzburgite (ST11-04) collected in the vicinity of the B chromitite from the Benbow area (Fig. 9b) , a date of 2710Á32 6 0Á46 Ma for a pegmatitic feldspathic harzburgite associated with the G chromitite (ST11-24) in the Mountain View area (Fig. 9c) , and a date 2711Á37 6 0Á35 Ma for a pegmatitic feldspathic pyroxenite (websterite) (ST11-05) from the J chromitite seam in the Benbow area (Fig. 9d) deleyite from two Peridotite zone samples overlap within uncertainty with the dates established from the chemically abraded zircon from the same samples, including ST11-24 at 2709Á99 6 0Á39 Ma (n ¼ 5; Fig. 10a ) and ST11-05 at 2711Á05 6 0Á64 Ma (n ¼ 2; Fig. 10b ).
The dates for two samples from the Bronzitite zone are statistically indistinguishable and similar to the c.2711 Ma date from the pyroxenite of the J chromitite in the upper part of the underlying Peridotite zone. A pegmatitic feldspathic orthopyroxenite (ST11-19) from the base of the Bronzitite zone in the Iron Mountain area is dated at 2711Á35 6 0Á38 Ma (Fig. 9e) . The U-Pb data for all nine chemically abraded zircon grains from sample ST05-14, a pegmatitic feldspathic orthopyroxenite from the top of the Bronzitite zone in the Chrome Mountain area, yield a date of 2711Á09 6 0Á74 Ma (Fig. 9f) ; the relatively high uncertainty of this date is related to the exceptionally low U-concentrations in zircon from this sample (median ¼ 13 ppm, Table 3 ).
Banded series
The zircon dates are out-of-sequence in the Banded series and do not decrease systematically with increasing stratigraphic height, but rather alternate up-section between crystallization ages of 2710 Ma and of 2709 Ma (Fig. 9) . Zircon from the stratigraphically lowest sample (ST11-33), a pegmatitic norite from the base of Norite zone I of the Lower Banded series in the Mountain View area, gives a weighted mean 207 Pb/ 206 Pb date of 2710Á17 6 0Á35 Ma (Fig. 9g) , younger than the dated samples from the underlying Bronzitite zone and from the J chromitite in the Peridotite zone. The three dated samples from the J-M Reef in Olivine-bearing zone I of the Lower Banded series are all younger at 2709Á11 6 0Á56 Ma (ST05-08, Frog Pond adit, Fig. 9h ), 2709Á00 6 0Á45 Ma (ST11-16, West Fork Stillwater River, Fig. 9i ), and 2709Á28 6 0Á31 Ma (ST11-37, East Boulder mine, Fig. 9j ) . The U-Pb results for zircon from sample ST11-08, a coarse-grained anorthosite from AN1 of the Middle Banded series in the Benbow area, yield an older date of 2710Á27 6 0Á34 Ma (Fig. 9k) . The Olivine-bearing zone III occurs between the two thick anorthosite horizons in the Middle Banded series (AN1 and AN2) and an olivine-bearing gabbronorite (ST05-04) from this zone in the Picket Pin Mountain area gives a weighted mean 207 Pb/ 206 Pb zircon date based on the most concordant results of 2709Á00 6 0Á53 Ma (Fig. 9l) , a date that is younger than those from both anorthosite units (Anorthosite zone II, 2710Á44 6 0Á32 Ma, Fig. 9m ; . The two analyzed samples from Gabbronorite zone III of the Upper Banded series yield statistically indistinguishable dates from the J-M Reef samples in the Lower Banded series and from OB3 in the Middle Banded series. A magnetite-bearing anorthosite (ST11-22) from the Castle Creek Cirque area is dated at 2709Á01 6 0Á44 Ma (Fig. 9n) and a coarse-grained gabbronorite (ST11-20) from the uppermost exposure of the Upper Banded series in the Mish Mash Ridge area to the northwest of Picket Pin Mountain gives a date of 2708Á96 6 0Á43 Ma (Fig. 9o) .
Mafic dike (East Boulder Mine)
Sample ST12-01 is a mafic dike that crosscuts the J-M Reef from Olivine-bearing zone I of the Lower Banded series at the East Boulder mine. The U-Pb data for all (Table 4 ) with a weighted mean 207 Pb/ 206 Pb date of 2709Á33 6 0Á34 Ma (Fig. 10f) , which is identical within uncertainty to the c.2709 Ma dates from the J-M Reef . The U-Pb data for all six analyzed baddeleyite grains from the dike range from slightly discordant to discordant (D ¼ 0Á06-5Á73%) and yield a range in 207 Pb/ 206 Pb dates from 2695Á27 to 2709Á41 Ma (Supplementary Data Table A3 ). The most concordant baddeleyite result has a 207 Pb/ 206 Pb date of 2709Á41 6 0Á87 (Fig. 10g) (Fig. 10h) , which is nearly 100 million years older than the mafic-ultramafic rocks of the Stillwater Complex.
Granophyric rocks
Given their complexity, the detailed U-Pb geochronological results for the four granophyres from the Banded series of the Stillwater Complex are described in the Supplementary Data. The U-Pb analytical results are listed in Supplementary Data Table A2 (zircon),  Table A4 (titanite), and Table A5 (rutile), and all concordia plots are presented in Supplementary Data Fig. A5 . The U-Pb systematics for zircon (CA-TIMS), titanite, and rutile from the granophyres are highly variable. There is evidence for closed-system behaviour in one granophyre with a weighted mean 207 Pb/ 206 Pb date that is statistically identical to those for the mafic-ultramafic rocks of the Stillwater Complex (e.g. granophyre ST05- 
LBS). (b) ST11-02 (BS). (c) ST11-19 (BZ). (d) ST05-14 (BZ). (e) ST11-08 (AN1, MBS). (f) ST11-20 (GN3, UBS)
. Each pair of images in a panel contains an upper part with a SEM-CL image and a lower part with variations in Hf and Ti (both in ppm) that correspond to the LA-ICP-MS spot analyses (white spots, $33 lm in diameter). The spot numbers (e.g. LA1, LA2, etc.) correspond to the analysis number. Note that the spot analyses are arranged in increasing number from left to right and do not correspond to single transects through the grains. The corresponding Hf and Ti concentrations illustrate that the elemental variability in individual grains is not spatially systematic (i.e. core-to-rim) or with respect to CL brightness. The 2r analytical uncertainties for each spot analysis are indicated in each panel. Refer to the caption of Figure 2 for letter codes.
13; 2709Á00 6 0Á39 Ma, Fig. 10i ). There is also evidence for extensive open-system processes and Pb loss during post-crystallization hydrothermal and metamorphic events (e.g. ST05-01, -06, -07) (Supplementary Data Fig. A5 ).
DISCUSSION
Crystallization of Zircon in Mafic-Ultramafic Rocks of the Stillwater Complex
The trace element systematics of zircon from the maficultramafic rocks in the Stillwater Complex provide constraints on the evolution of fractionated interstitial melts within the cumulates of this large, open-system layered intrusion and provide context for interpreting the significance of the U-Pb geochronological results. The implications of the zircon geochemistry are addressed below, including application of Ti-in-zircon thermometry and definition of the solidus temperatures of the cumulates, the significance of high-Th/U zircon in pyroxenites as a monitor of late-stage fluid saturation in interstitial melt, and the use of trace element ratios in zircon to determine both the distinctive chemical fingerprints of different series and zones in the intrusion and the tectono-magmatic setting of the Stillwater Complex.
Zircon tracks the near-solidus temperatures of interstitial melt in cumulates
In the Stillwater Complex, zircon occurs in mafic-ultramafic rocks characterized by heterogeneous textures (e.g. coarse grain sizes, irregular distribution of minerals) with macroscopic evidence for relatively abundant interstitial minerals, typically poikilitic plagioclase, and microscopic evidence of minerals that crystallized from highly fractionated melts (e.g. quartz, K-feldspar, biotite) at temperatures likely approaching the solidus of these cumulates. As the Ti content of zircon has a strong dependence on magma temperature during crystallization (e.g. Degeling, 2003 The points are colour coded and correspond to the colours of the appropriate series or zone on the stratigraphic section in Figure 1 ; the symbol shapes distinguish the different rock types (e.g. norite, gabbronorite, harzburgite, etc.) or specific units (J-M Reef). Also shown on all plots for reference is the field defined by LA-ICP-MS analyses of zircon from the Mouat quartz monzonite (grey field). , the minimum temperatures at which zircon crystallized (T zrc ) in the Stillwater Complex can be calculated using the method of Ferry & Watson (2007) where:
log ðppm Ti-in-zirconÞ ¼ ð5Á71160Á072Þ -ð4800686Þ=T zrc ðKÞ-log a SiO2 þ log a TiO2
Small amounts of interstitial quartz are present in most of the mafic-ultramafic rocks that contain zircon, thus it follows that aSiO 2 ¼ 1 for all rocks from the Stillwater Complex. Although secondary rutile is found in ST05-03 from the AN2 zone in the Middle Banded series , the general absence of rutile in these rocks indicates that aTiO 2 <1. Grimes et al. (2009) assigned aTiO 2 ¼ 0Á7 for gabbroic rocks from oceanic crust following estimates of TiO 2 solubility in silicate magmas from Hayden & Watson (2007) and the presence of Ti-bearing phases such as titanomagnetite and ilmenite. As Ti-bearing phases are notably absent in the Stillwater Complex, with the exception of magnetite in anorthosite layers at the top of the exposed Upper Banded series, aTiO 2 was likely lower than 0Á7, so we assume that aTiO 2 ¼ 0Á5 for all rocks from the Stillwater Complex, a value that is consistent with the TiO 2 solubility model of Hayden & Watson (2007) . The Ferry & Pb dates in the insets correspond to the colour of the associated zone or series based on the stratigraphic column in Figure 1 . Refer to the caption of Figure 2 for letter codes. thermometer was calibrated for a pressure of 1 GPa (10 kbars) and they estimated a pressure dependence of -5 C/kbar for pressures below 10 kbars, which would lower the calculated temperatures for the Stillwater Complex (pressure of emplacement $1Á5 to 3 kbars) zircon by $35 C for a 3 kbar pressure. This variation is less than or equal to the uncertainty associated for each spot analysis.
Application of Ti-in-zircon thermometry to the Stillwater Complex yields a wide range of temperatures for most samples (T zrc ¼ 990-720 C) (Fig. 11 ). Several analyses with Ti >50 ppm result in slightly higher temperatures (T zrc ¼1020-1090 C) and there is a single anomalously low temperature value (ST11-22, LA12, 651 C). The analyses from many samples define trends of decreasing Ti with increasing Hf (Fig. 5b;  Supplementary Data Fig. A2 ) consistent with continuous zircon crystallization from progressively fractionated interstitial melt down to solidus temperatures, which are approximated by the lowest Ti contents (i.e. temperature) determined from each sample. In general, the lowest T zrc values from each sample decrease with increasing stratigraphic height from the Basal series through the Ultramafic series to the Upper Banded series (Fig. 11) . Figure 11 reveals a similar range in calculated T zrc and similar mean temperatures (T zrc $890-870 C) for rocks from the Basal series, Ultramafic series, and Lower Banded series, including the J-M Reef. In contrast, the distribution for samples from the Middle and Upper Banded series, including the AN1 and AN2 anorthosites, shifts to lower temperatures (T zrc $820-800 C) (Fig. 11 ) and the minimum temperatures extend down to 720 C. Combined, the Ti-in-zircon systematics for the Stillwater Complex indicate that zircon crystallized over a $50-150 C temperature range within individual samples from the temperature of initial zircon saturation when small amounts of interstitial melt were present (<10%) down to near-solidus temperatures.
High Th/U in zircon from pyroxenites reflects late-stage fluid saturation most grains to unexpectedly high values (2-20) from pyroxenites in the Ultramafic series and for a few select zircon grains from the Basal series sample (Fig. 5a) . Most of the high Th/U analyses are depleted in U relative to Th as the total range in Th concentrations in these zircon grains is broadly similar to that defined by zircon from the rest of the intrusion (Fig. 5a) .
Three processes may be considered to account for the high Th/U in zircon from the Stillwater Complex: (1) cocrystallization of zircon with other U-rich phases; (2) a fractionation effect of zircon alone; and (3) late-stage oxidation and fluid saturation. The occurrence of cocrystallizing phases (e.g. uraninite, zirconolite, baddeleyite) that have a greater affinity for U than Th would lead to high Th/U in the fractionating interstitial melt and would be recorded by high Th/U in any zircon that crystallized from that melt. As baddeleyite is much less abundant compared to zircon when present, and not present in most of the samples, and as there is no evidence for other U-rich phases in the mineral separates, baddeleyite crystallization cannot explain the significant increase in the Th/U required in the melt. Simple Rayleigh fractionation during crystallization of zircon with decreasing temperature will result in a reduction of zircon Th/U, opposite to what is required, due to the cooler, fractionated melts being more depleted in U (relative to Th) as U is extracted from the melt into zircon (Kirkland et al., 2015) .
The third process involves producing high-Th/U zircon as a result of a local change in oxidation state and late-stage fluid saturation. Apatite has been used as a monitor of relative halogen variations of interstitial melts (Boudreau et al., 1986; Boudreau & McCallum, 1989) and is a common interstitial mineral in the Stillwater Complex. Cl-rich apatite, typically containing <0Á4 wt % F and >6Á0 wt % Cl, occurs throughout the lower third of the intrusion, including the Peridotite and Bronzitite zones, and its presence indicates equilibration with Cl-rich fluids exsolved during solidification of the cumulate sequence (Boudreau & McCallum, 1989; Boudreau, 2016) . Cl-apatite also occurs in some Basal series samples. To produce the high-Th/U zircon in pyroxenites from the Ultramafic series, it is speculated that zircon crystallized and grew from fractionated interstitial melt during and following exsolution of Clrich fluids that involved local oxidation of U 4þ (compatible in the Zr 4þ site in zircon) to U 6þ (e.g. Keppler & Wyllie, 1991; Bacon et al., 2007) . These fluids preferentially scavenged U 6þ resulting in high Th/U in the remaining melt. This process must have begun at relatively high temperatures ($950 C) based on the Tiin-zircon thermometry results (Fig. 11) . Variable Th/U in zircon from individual samples apparently reflects the degree to which the interstitial melt pockets were interconnected and equilibrated with the Cl-rich fluids.
Trace element ratios distinguish zircon from the different series and zones
Variations in the trace element concentrations in zircon may also result from changes in zircon/melt partitioning, which can vary by an order of magnitude over several hundred degrees (e.g. Sano et al., 2002; Thomas et al., 2002; Hanchar & van Westrenen, 2007; Rubatto & Hermann, 2007) . There is also evidence that non-equilibrium element partitioning can have an effect on the trace element patterns in zircon at the submicron scale (Hofmann et al., 2009) , however, zircon geochemistry generally reflects equilibrium partition between zircon and melt (e.g. Belousova et al., 2006; Claiborne et al., 2010; Schoene et al., 2010 Schoene et al., , 2012 Reid et al., 2011; Samperton et al., 2015) . Trace element ratios are not as affected by the temperature effect on partitioning (e.g. Grimes et al., 2015; Samperton et al., 2015) and, as a result, changes in trace element ratios in zircon will reflect differences both in magma chemistry and in the co-crystallizing minerals driving compositional changes in the interstitial melt.
Trace element ratios effectively distinguish zircon in mafic-ultramafic rocks from the different major series and zones of the Stillwater Complex (Figs 12 and 13) . Two distinct groupings are evident from a range of different trace element ratios (e.g. Y/Hf, Sc/Th, Ce/Nd, Lu/ Hf, Yb/Dy, Th/U). Zircon from the Ultramafic series, including samples from both the Peridotite and Bronzitite zones, and from the Basal series sample have characteristically low Y/Hf, Lu/Hf, Yb/Dy, relatively high Eu/Eu*, and variable Sc/Th (Fig. 12) , and high Th/U and low total REE (Fig. 13) . In contrast, zircon from both anorthosite zones (AN1 þ AN2) in the Middle Banded series have high Y/Hf, Lu/Hf, and Yb/Dy, low Sc/Th and Eu/Eu* (Fig. 12) , coupled with low Th/U and high total REE (Fig. 13) . The trends of strongly increasing Y/Hf at near-constant Sc/Th (Fig. 12a) and strongly increasing Lu/Hf with decreasing Yb/Dy (Fig. 12c) in zircon from these anorthosites are consistent with the effects of zircon fractionation, whereas the prominent negative Eu anomalies in zircon from the anorthosites reflect the preceding crystallization of plagioclase (Fig. 12d) . Trace element ratios in zircon from the Lower and Upper Banded series are generally intermediate between these two main groups. The J-M Reef samples are highly variable with many analyses yielding Y/Hf, Sc/Th, Yb/ Dy, and Eu/Eu* (Fig. 12 ) similar to the ultramafic rocks, but with distinctly lower Th/U and higher total REE (Fig. 13) . Based on the distinctive zircon chemistry from the different series and zones, combined with systematic temperature differences based on Ti-in-zircon thermometry (Fig. 11) , zircon in the Stillwater Complex crystallized from progressively fractionated interstitial melt that appears to have been derived locally from the hosting cumulates (i.e. from within the same zone based on sampling constraints).
Tectono-magmatic setting of the Stillwater Complex from trace elements in zircon
In addition to using trace elements in zircon as tracers of magmatic processes in fractionated interstitial melt in rocks of the Stillwater Complex, the ratios of immobile trace elements can be used to fingerprint the tectono-magmatic setting (e.g. Hoskin & Ireland, 2000; Belousova et al., 2002; Grimes et al., 2007 Grimes et al., , 2015 Nardi et al., 2013) . Based on a compilation of over 5300 recent SHRIMP-RG analyses, Grimes et al. (2015) demonstrated that zircon from mid-ocean ridge, plumeinfluenced ocean island and subduction-related arc environments could be discriminated on bivariate diagrams using a variety of cation ratios (e.g. Sc/Yb, Nb/ Yb, U/Yb, Gd/Yb). The datasets used to define these discrimination diagrams are dominated by young rocks (modern through the Mesozoic), however, a small Figure 1 and symbols represent the associated rock type of the sample. The mean 2r analytical uncertainties are indicated in each panel. Abbreviations: zirc, zircon; badd, baddeleyite; amph, amphibole; cpx, clinopyroxene; ap, apatite; titan, titanite; plag, plagioclase. number of Paleozoic and Proterozoic datasets were also examined and plot consistently within the boundaries defined on these diagrams (Grimes et al., 2015) .
In most cases, cation ratios of Stillwater zircon plot within the continental arc field, and extend into areas adjacent to that field, in all discrimination diagrams (Fig. 14) . The apparent ocean island affinity (Ol-type) in diagrams of Nb/Yb vs U/Yb (Fig. 14b) and Gd/Yb vs U/Yb (Fig. 14d) for low-U/Yb zircon from pyroxenites presumably reflects the loss of U to late-stage oxidized fluids (i.e. high-Th/U zircon; Fig. 5a ). The relatively high Sc/Yb of most Stillwater zircon (Fig. 14a,c) , except for zircon from anorthosites in the Middle Banded series, does not appear to represent an analytical artefact produced by isobaric interferences caused by species of Zr (e.g. Grimes et al., 2015) . This Sc-enrichment could be produced by extensive zircon fractionation in the latest stages of fractionation of interstitial melt in Stillwater cumulates (e.g. figure 10b of Grimes et al., 2015) . However, it is the relatively low-Sc/Yb zircon from the anorthosites that is characterized by the lowest Tiin-zircon temperatures (down to 750 C, Fig. 13 ) and highest total REE (Figs 5b and 13c) . Alternatively, the high-Sc/Yb zircon may signal the contribution of a distinctive Archean mantle source composition to Stillwater magmas in a continental arc setting (e.g. Lambert et al., 1985; Lambert & Simmons, 1988; Wooden & Mueller 1988; Wooden et al., 1991) .
Geochronological Framework for the Emplacement Sequence of Intrusions in the Stillwater Complex
The U-Pb dating results allow for establishment of a high-precision geochronologic framework for evaluating the emplacement, crystallization, and duration of magmatism in the Stillwater Complex. In Figure 15 , the weighted mean 207 Pb/ 206 Pb dates for all precisely dated samples are presented as a function of relative stratigraphic position in the intrusion. The key features are:
(1) the Stillwater Complex was emplaced over a $3 million-year interval from 2712 to 2709 Ma; and (2) the ages are out-of-sequence and the intrusion was not constructed in a strictly sequential stratigraphic order from the base (oldest) to the top (youngest) following the stratigraphic law of superposition. The implications of these observations are addressed below.
Mouat quartz monzonite is older than the Stillwater Complex not younger
The U-Pb date of 2803Á43 6 0Á54 Ma for the Mouat quartz monzonite (Fig. 10h) establishes that the granitoids along the southeastern margin of the Stillwater Complex (Fig. 1) are nearly 100 million years older than the Stillwater Complex and not younger as previously considered based mainly on field relationships (Nunes & Tilton, 1971; Page & Nokleberg, 1972) . The CA-TIMS method used in this study yielded concordant U-Pb results at c.2803 Ma compared to the c.2750 Ma dates from highly discordant results (no pretreatment) of zircon from samples of the quartz monzonite reported in Nunes & Tilton (1971) . The maximum areal extent of these granitoids, which range in composition from quartz monzonite to quartz diorite, is unknown as they form thrust sheets that strike east-west, parallel to the northern front of the Beartooth Mountains (Jones et al., 1960; Butler, 1966; Mueller & Wooden, 1976; McCallum, 1996) . However, this 2803 Ma age is broadly similar to ages determined for the Long Lake suite of granitoids (Long Lake Magmatic Complex) in the eastern Beartooth Mountains (Mueller et al., 2010) . The presence of hornfels and Basal series rocks as inclusions in the quartz monzonite has been used as evidence to indicate that the monzonitic rocks are younger than the Stillwater Complex (Page, 1977) . In light of the dating results, it is possible that these relationships may represent back-veining of remelted quartz monzonite that formed during emplacement of the Stillwater Complex. Importantly, the absence of contact metamorphism in Stillwater rocks adjacent to the Mouat quartz monzonite as noted by Page (1979) is consistent with the older crystallization age.
Stillwater Complex was emplaced as a stack of sills and 'rockbergs' over $3 million years
High-precision U-Pb zircon dating results (i.e. average 2r uncertainty ¼ 60Á43 Ma) reveal that magmatism in the Stillwater Complex lasted $3 million years with the oldest dated rocks at the base of the intrusion (2712 Ma) and the youngest dated rocks (2709 Ma) comprising much of the upper two thirds of the intrusion, including the top. However, the intrusion is not a simple succession of cumulates where the stratigraphic sequence is systematically built from the bottom up by successively younger rocks. The dates record an out-of-sequence succession with at least three major packages of rocks (e.g. upper part of the Peridotite zone þ Bronzitite zone, Anorthosite zone I, and Anorthosite zone II) being older than their underlying sequences (Fig. 15) . The dating results indicate that there are four main periods of Figure 1 ; the symbol shapes represent the rock type of the sample (e.g. norite, gabbronorite, harzburgite). Mean 2r analytical uncertainties for each calculated ratio are smaller than the symbol size.
magmatism, which are referred to as episodes at about 2712, 2711, 2710, and 2709 Ma. The consequences of these out-of-sequence dates for the relative emplacement history are discussed below (Fig. 16 ).
Magmatic activity began at 2712 Ma with emplacement of sulphide-bearing orthopyroxenites and norites of the Basal series (Figs 15 and 16a ) and the footwall mafic sills and dikes (c.2712 Ma, Premo et al., 1990) . The lower contact of the Basal zone is not parallel to a stratigraphic horizon, but instead cuts across stratigraphic units beneath the Stillwater Complex, indicating that the Basal zone magmas may have been emplaced either along a fault or an unconformity (Page, 1979) . The next phase of magmatism, at 2711 Ma, produced the uppermost part of the Peridotite zone from the level of the J chromitite upwards, including the entirety of the Bronzitite zone (Figs 15 and 16b) . This package of rocks is out-of-sequence with respect to the underlying and younger Peridotite zone as preserved in the stratigraphic rock record. Cyclic units within the Peridotite zone (Jackson, 1961; Raedeke & McCallum, 1984 ) and the absence of cryptic variation in orthopyroxene from the Bronzitite zone (Raedeke & McCallum, 1984; McCallum, 1996) indicate repeated influxes of magma and possible venting of fractionated magma at this stage of intrusion development.
A wide range of rock types (e.g. harzburgite, norite, anorthosite) produced during the 2710 Ma magmatic episode are now preserved at different stratigraphic levels (e.g. Peridotite zone, Lower Banded series, Middle Banded series) (Figs 15 and 16c) . Based on dating results for rocks from the cyclic unit containing the B chromitite in the Benbow area (2710Á26 6 0Á35 Ma) and from the cyclic unit containing the G chromitite in the Mountain View area (2710Á32 6 0Á46 Ma), the lower two thirds of the Peridotite zone was formed by the repetitive emplacement of MgO-rich magmas. These magmas cooled and differentiated to produce the characteristic cyclic units of the Peridotite zone (e.g. Raedeke & McCallum, 1984; Cooper, 1997) between the Basal series and overlying 2711 Ma peridotites and pyroxenites. This lower 2710 Ma package of ultramafic Pb dates for samples from the Stillwater Complex at their relative stratigraphic height; width of error bars indicates 6 2r uncertainties and the number in parentheses indicates the numbers of analyses of single grains included in the weighted mean. The symbol colours for the mafic-ultramafic rocks correspond to the colour of the relevant series or zone in the stratigraphic column; the red symbol indicates the results for granophyre ST05-13 and magenta symbol is the mafic dike sample ST12-01 at the East Boulder mine. The age of the older Mouat quartz monzonite is indicated below the stratigraphic column. rocks can be interpreted as a sequence of sill-like injections intruded into previously crystallized ultramafic rocks and is supported by variations in the number of cyclic sequences between different areas (e.g. Mountain View, Chrome Mountain), by differences in total thicknesses, and by the thickening, thinning, and pinching out of cycles along strike (Raedeke & McCallum, 1984) .
At the same time as sills were being emplaced below the Bronzitite zone, magmas were being intruded along its upper contact to produce norites of the Norite zone I (N1) in the lower part of the Lower Banded series (Fig. 16c) . The weighted mean 207 Pb/ 206 Pb age for the uppermost orthopyroxenite of the Bronzitite zone (ST05-14: 2711Á09 6 0Á74 Ma) overlaps by 170 ka (Fig. 15) the date of the norite pegmatite in Norite zone I (ST11-33: 2710Á17 6 35 Ma). This overlap, however, occurs along the tails of the weighted mean curves where the probability of these ages being the same is low (e.g. Schoene et al., 2013) . The dates are near the mid-points of the error bars and consequently are likely to be different. This age difference corresponds to the Ultramafic-Banded series contact and indicates that this major boundary within the Stillwater Complex may be interpreted as an intrusion-wide 'disconformity'.
The thick anorthosite units of the Middle Banded series also crystallized at 2710 Ma (AN1: 2710Á27 6 0Á34 Ma; AN2: 2710Á44 6 0Á32 Ma, (Fig. 9) and are older than their underlying and overlying rock sequences (Fig. 15) . The anorthosites are distinct from lithologically similar, but thinner, plagioclase-rich rocks of the Lower and Upper Banded series. They are dominated by plagioclase (1-10 mm diameter) that is two to three times longer on average than plagioclase of the Lower and Upper Banded series (McCallum et al., 1980) . Plagioclase displays complex zoning patterns (Meurer & Boudreau, 1996) and has near-constant average compositions (AN1: An 77 ; AN2: An 76 ). The anorthosite units also do not display systematic variations in major element oxide and trace element concentrations with stratigraphic height (McCallum et al., 1980; Czamanske & Bohlen, 1990; Haskin & Salpas, 1992; McCallum, 1996; Meurer & Boudreau, 1996) . The origin of the Stillwater anorthosite units has long challenged the petrologic and geochemical community (e.g. Hess, 1960 Naldrett, 1986; Czamanske & Bohlen, 1990) . The principal hypotheses for their origin involve: (1) crystallization from a hyper-aluminous magma; (2) emplacement of plagioclase-rich magma; and (3) coalescence of excess plagioclase that failed to accumulate on the floor during crystallization of cumulates stratigraphically below the Middle Banded series. In the latter model, neutrally buoyant plagioclase concentrated as anorthositic 'rockbergs' while cotectic norites and gabbronorites accumulated on the intrusion floor (Hess, 1960; McCallum et al., 1980; Haskin & Salpas, 1992; McCallum, 1996) . Absolute and relative REE abundances in plagioclase from AN1 and AN2 are similar to those in N1 (Loferski et al., 1994) and the identical dates for samples from N1, AN1, and AN2 in this study strongly support a 'rockberg' origin for the thick Stillwater anorthosites (Fig. 16c) .
The main volume of mafic magmatism in the Stillwater Complex occurred at 2709 Ma (Figs 15 and  16d ). The onset of this magmatic activity included the formation of Olivine-bearing zone I (OB1) and the J-M Reef. The basal contact of OB1 is defined in the field by the first appearance of cumulus olivine in the Banded series (McCallum et al., 1980) , however, the contact is irregular and McCallum (1996) has proposed that it represents an unconformity. The OB1 zone, alternatively known as the Troctolite-Anorthosite zone I (TAZ1) (Todd et al., 1982) , contains a series of cyclic units, including coarse-grained to pegmatitic peridotites and troctolites, anorthosites, and, importantly, orthopyroxenite xenoliths that were ripped up from the underlying Bronzitite zone during multiple injections of magma (McCallum, 1996) . The J-M Reef, here referred to as the silicate rock package that hosts the sulphide mineralization of this PGE deposit, is situated within OB1 and is locally discontinuous. It ranges from 2-5 m thick and extends up to 10 m thick into underlying units in zones or structures termed 'ballrooms' (Todd et al., 1982; Raedeke & Vian, 1986; Childs et al., 2002) .
The origin of the J-M Reef has been the focus of intense study, controversy, and debate. The orthomagmatic model relates the formation of the J-M Reef to magmatic processes such as magma mixing, whereby an evolved high-MgO or 'ultramafic' magma (U-type) mixed with a high-Al or 'anorthositic' magma (A-type) to produce troctolites, anorthosites, and dunites rather than the typical sequence of harzburgite-orthopyroxenite-norite-gabbronorite (e.g. Irvine et al., 1983; Barnes & Naldrett, 1986; Wooden et al., 1991) . In contrast, the hydromagmatic model interprets the mineral changes in OB1 and PGE enrichment to fluid fluxing by vapour rising from the cooler, crystallizing cumulates below the J-M Reef and the resultant incongruent melting of pre-existing, partly molten rock (Boudreau et al., 1986; Boudreau, 1988 Boudreau, , 1999 Boudreau, , 2016 Boudreau & McCallum, 1992; Aird & Boudreau, 2013) . The U-Pb zircon isotope results for the J-M Reef from olivinebearing member O 5B as reported in are within error of each other (Frog Pond adit, 2709Á11 6 0Á56 Ma; East Boulder mine, 2709Á28 6 0Á32 Ma; West Fork area, 2709Á00 6 0Á45 Ma) (Fig. 15) . The reef is regionally stratabound, but locally not stratiform, and rocks of different compositions comprise the footwall in different parts of the intrusion (e.g. McCallum, 1996; Boudreau, 1999; Corson et al., 2002) suggesting that the reef occupies a structural discontinuity. The identical ages indicate that the reef is synchronous along strike and markedly younger than the underlying rocks of the Ultramafic series and Norite zone I of the Lower Banded series (Figs 15 and 16d) . The age of the mafic dike (2709Á33 6 0Á34 Ma) that cuts the J-M Reef in the East Boulder mine is indistinguishable from the J-M Reef ages (Fig. 15) indicating that the rocks of this part of the Lower Banded series were sufficiently crystallized to undergo brittle failure and diking.
The dating results do not directly discriminate between the orthomagmatic and hydromagmatic origins for the J-M Reef. Magma mixing associated with the emplacement of different magma types during renewed magmatic activity at 2709 Ma remains a viable mechanism. Fluid fluxing of partly crystallized cumulates in the Lower Banded series below the J-M Reef that were produced as magmatism at 2709 Ma began is also permissible given sampling and dating constraints. There is a gap with no dated samples between the norite pegmatite (ST11-33: 2710Á17 6 35 Ma) from near the base of the Norite zone I, likely corresponding to the subzone I classification of Page & Moring (1990) , through the upper part of Norite I (subzones 2 and 3), all of Gabbronorite II (subzones 1-4), and the four olivinebearing members (O 1 -O 4 : Todd et al., 1982) of OB1 below the dated samples from the J-M Reef that crystallized at 2709 Ma. All unit contacts in Norite I and Gabbronorite I are inferred to be disconformable, an observation that is consistent with continual changes in the orientation of the floor and repeated injections of new magma (Page & Moring, 1990) . Future targeting of this critical stratigraphic interval for samples that can be precisely dated by CA-TIMS U-Pb geochronology is needed to assess which zone or unit represents the true onset of 2709 Ma magmatism. Such precise dating will allow for definition of the thickness of the underlying crystallizing cumulates from which a hydrated silicate liquid produced by hydration melting could potentially be derived (Boudreau, 2016) .
The 2709 Ma phase of magmatism in the Banded series is also represented by the dated rocks from Olivine-bearing zone III (OB3), which stratigraphically occurs between the thick anorthosites of the Middle Banded series, and the two samples from the Gabbronorite zone III (GN3) at the top of the exposed Upper Banded series (Fig. 15) . Based on compositional, textural, and structural features, the two olivine-bearing zones of the Middle Banded series have been genetically related to the underlying and overlying anorthosite units (e.g. Meurer & Boudreau, 1996; McCallum, 1996) . The U-Pb zircon age of 2709Á00 6 0Á53 Ma from OB3 is distinctly younger outside of analytical uncertainty than either of the dated anorthosite units (Fig. 15) . This suggests that these olivine-bearing zones formed as sills that intruded and split the crystalline anorthosite 'rockbergs' formed at 2710 Ma (Fig. 16d) . The thick anorthosite layer at the base of OB4, informally referred to as AN1.5 (Meurer & Boudreau, 1996) , may be a remnant anorthosite sliver. Likewise, the distinctive plagioclase clots that occur over a 75-100 m thick interval in OB3 (Meurer & Boudreau, 1996) may represent fragments of anorthosite ripped up during magma emplacement that separated the thick anorthosite units. The roof of the Stillwater Complex has been eroded (Fig. 16d) , so the minimum age of magmatism that produced the maficultramafic cumulates is provided by the dates from magnetite-bearing anorthosite (2709Á01 6 0Á44 Ma) and gabbronorite (2708Á96 6 0Á43 Ma) that are within a few 100 m of the angular unconformity at the top of the intrusion (Fig. 15) .
Granophyres are late-stage differentiates
The four granophyres examined in this study, spanning nearly the entire exposed Banded series, were dated to test whether their ages were consistent with the proposal that they represent crystallization differentiates formed during the final stage of consolidation of the mafic cumulates in the Stillwater Complex (e.g. Czamanske et al., 1991) . Although high-U zircon from three of the samples (ST05-01, -06, -07) was partially to strongly metamict, leading to significant Pb loss (Supplementary Data Fig. A5 ), low-U zircon from a granite pegmatite at the base of the Banded series (ST05-13) yielded a precise U-Pb date of 2709Á00 6 0Á39 Ma (Figs 10i and 17 ). This age is identical within uncertainty with the main phase of mafic magmatism in the Stillwater Complex (Fig. 15) , including rocks from the J-M Reef in the Olivine-bearing zone I, from Olivinebearing zone III, and Gabbronorite zone III. Additional support for a contemporaneous age for the granophyres is found in some U-Pb titanite dates from the large alaskite body in Anorthosite zone I south of Picket Pin Mountain (Fig. 1) . Four of the titanite fractions analyzed from ST05-07, the amphibole-rich granophyre along the margin of the alaskite, produced c.2709-2712 Ma dates (Fig. 17) . The date of the least discordant result of 2710Á88 6 2Á32 Ma is indistinguishable from that for Anorthosite zone I sample (2710Á27 6 0Á34 Ma). It is possible that the alaskite is related to the 2710 Ma magmatism that produced the Peridotite zone, Norite zone I, and the two thick anorthosites of the Middle Banded series. Taking into account the total range of uncertainty, the alaskite could also be coeval with the granite pegmatite and the 2709 Ma phase of magmatism.
Geochronological record of post-crystallization hydrothermal activity in the Stillwater Complex
The U-Pb results for baddeleyite in the mafic-ultramafic rocks and for zircon-titanite-rutile in the granophyres provide a record of extensive post-crystallization hydrothermal activity in the Stillwater Complex (Fig. 17) . Baddeleyite, the mineral with the highest potential for U-Pb dating in mafic dikes and high-level mafic sills (e.g. Heaman & LeCheminant 1993; Sö derlund et al., 2010) , is susceptible to postcrystallization Pb loss and the presence of intergrowths of baddeleyite and secondary zircon may limit the precision and accuracy of crystallization ages (Rioux et al., 2010) 2693 Ma (Supplementary Data Table A3, Fig. 17) Pb dates for zircon from the same rocks (Fig. 17) . As a result, the calculated weighted mean 207 Pb/ 206 Pb dates for these baddeleyite grains, using the most concordant results, are identical to those determined from zircon within analytical uncertainty (Figs 9 and 10 ). Baddeleyite analyses with younger 207 Pb/ 206 Pb dates (2708 to 2693 Ma) reflect the analysis of grains with secondary zircon overgrowths and replacement patches in grain interiors (Fig. 4v-x) . The secondary zircon was likely produced during postcrystallization hydrothermal activity related to the emplacement of the many different generations of mafic dikes that occur in the Beartooth Mountains or to greenschist facies metamorphism at c.1Á7 Ga (Nunes & Tilton, 1971; Page, 1977; McCallum et al., 1999) .
The effect of secondary zircon on the U-Pb systematics of baddeleyite from Anorthosite zone II in the Middle Banded series was evaluated in . In sample ST05-03, secondary zircon contains non-stoichiometric Ca (measured by SEM), a diagnostic feature of altered and radiation-damaged zircon (Krogh & Davis, 1975; Geisler et al., 2003 Geisler et al., , 2007 . Only the least discordant results from airabraded baddeleyite grains of this sample, where the zircon overgrowths were removed, yield a statistically significant weighted mean 207 Pb/ 206 Pb date of 2709Á73 6 0Á48 Ma (Fig. 10e) . This date overlaps within uncertainty the CA-TIMS U-Pb zircon date of 2710Á44 6 0Á32 Ma (Fig. 9m) . Results for non-abraded baddeleyite grains from ST05-03 display variable degrees of discordance, younger 207 Pb/ 206 Pb dates, and yield an upper intercept date (with high scatter reflected in the high MSWD of 17) of c.2705 Ma (Fig. 10e) . This result replicates the mean age reported for a composite sample (J-M Reef þ GN2) by Premo et al. (1990) based on the analysis of large multigrain fractions that contained both zircon and baddeleyite. Thus, it is interpreted that the Premo et al. (1990) date of 2704 6 1 Ma (or 2705 6 4 Ma) is a mixed age that includes concordant baddeleyite and postcrystallization secondary zircon with younger
207
Pb/ 206 Pb dates that may also have experienced Pb loss. Given the small volumes represented by the zircon overgrowths (<5 vol. %) compared to the total volumes of individual baddeleyite grains (Fig. 4v-x) , the zircon rims must have formed significantly later than 2709 Ma.
The U-Pb systematics of zircon-titanite-rutile from the granophyres in the Banded series have also been severely disturbed by post-crystallization hydrothermal alteration and metamorphism. One sample (ST05-13) has low-U zircon yielding a precise U-Pb date of 2709Á00 6 0Á39 Ma (Figs 10i and 17 ) and several titanite analyses from ST05-07 yield an age of c.2709 Ma (Supplementary Data Fig. A5, Fig. 17) . The other results record the combined effects of strong metamictization (e.g. high-U zircon in ST05-01, 06, 07), alteration, Pb loss, and new grain growth in response to heat and fluid circulation. The high-U contents in zircon from these granophyres (up to 1438 ppm) and associated structural damage by self-irradiation (metamictization) since c.2Á7 Ga lead to substantial Pb loss, expressed by strong discordance (9 to 89%), related to fluids (e.g. Woodhead et al., 1991; Nasdala et al., 1995; Meldrum et al., 1998; Geisler et al., 2003; Presser, 2009) . Based on evidence from the disturbance of Pb isotope systematics of sulphides from the J-M Reef (McCallum et al., 1999) , the timing for the main period of hydrothermal activity was likely associated with Proterozoic regional metamorphism at c.1Á7 Ga (e.g. Big Sky orogeny: Harms et al., 2004) .
Thermal Consequences and Magma Flux Variations during Incremental Emplacement of the Stillwater Complex
The U-Pb dating results in this study represent the most detailed high-precision geochronologic investigation ever undertaken for a layered intrusion. Taking into account their associated uncertainties, the weighted mean 207 Pb/ 206 Pb dates indicate that, not only was the Stillwater Complex emplaced over a $3 million-year interval, but also distinct breaks in magmatic activity representing periods of significantly reduced magma flux, of possibly up to a few 100, 000 years, likely occurred between the four main periods of magmatism (Fig. 15) . The consequences on the thermal evolution of the Stillwater Complex, including the associated contact metamorphic aureole, the timing for cooling of the intrusion to country rock temperatures, the thermal effects of incremental growth of the intrusion, and the absence of chilled rocks, are explored below. The Stillwater Complex produced a very large (at least 4 km) and extremely hot (up to 825 C) contact aureole extending below the base of the intrusion (Labotka & Kath, 2001; Thomson, 2008) . The extent and high temperatures achieved in the contact aureole are a direct consequence of the large amount of heat transferred from the hot Mg-rich mafic parental magmas. These magmas were characterized by liquidus temperatures in the range of 1200-1250 C at 1Á5-3Á0 kilobars pressure (Helz, 1995) . A maximum temperature of $825 C, defined by the presence of metamorphic pigeonite in a banded iron formation near the basal contact (Podpora & Lindsley, 1979; Labotka, 1985) , overlaps the low end of the Ti-in-zircon temperature distribution for rocks from the Basal and Ultramafic series (Fig. 11) . In the Boulder River area, the 500-1000 m thick hypersthene hornfels zone of the aureole reached temperatures of 650-800 C and the 500-1500 m thick cordierite þ cummingtonite hornfels zone below the hypersthene hornfels zone in the aureole formed at temperatures above 600 C (Labotka & Kath, 2001 ). In the Mountain View area, quartz-plagioclase-cordieriteorthopyroxene-biotite 6 spinel hornfels yield average temperatures of $786 C immediately below the Mouat Ni-Cu prospect in the Basal series (Thomson, 2008) .
In the hottest part of the aureole, there is no evidence for partial melting of K-poor pelitic rocks, indicating very low water activities in the metasedimentary rocks of the Boulder area (Labotka & Kath, 2001 ). The presence of an extensive (4 km) and hot contact aureole beneath the Stillwater Complex implies that estimated solidification times will increase, perhaps even double, as a result of the strong temperature dependence on thermal diffusivity in the wall-rocks (e.g. Nabelek et al., 2012) compared to heat flow models that been successfully used to describe the cooling of igneous bodies for the past half-century (e.g. Jaeger, 1964; Irvine, 1970) . The rate of heat transfer through the floor of the Stillwater Complex would have decreased substantially as the contact metamorphic aureole became hotter and more extensive with a resultant decrease in cooling rate of the intrusion.
The thermal evolution of a large, open-system layered intrusion like the Stillwater Complex would have been a function of the initial temperature of the magmas involved, the country-rock temperature, the thermal conductivity of the country-rock, and, importantly, the magma emplacement rate and the emplacement geometry of the chamber (e.g. Annen, 2011; Paterson et al., 2011; Schö pa & Annen, 2013; Annen et al., 2015) . It is beyond the scope of this contribution to develop a cooling model for the Stillwater Complex; however, the U-Pb dating results can be compared to the existing cooling model of Selkin et al. (2008) from their comprehensive paleointensity study of Banded series rocks. They employed a 1-D finite difference conductive cooling model, and, for simplicity, they assumed that the intrusion was emplaced instantaneously as a single magma batch. Under these specific conditions, and not considering the effects of decreasing thermal diffusivity in the contact aureole over time as discussed above, cooling through the blocking temperatures (550-580 C) for magnetization of the rocks is predicted to have taken $200 000 years at depths of 0Á5-5Á5 km from the top of the intrusion to about 1 million years along the base of the complex (Selkin et al., 2008) . This end-member thermal model is consistent with numerical simulations that predict relatively rapid cooling and solidification for mafic, intermediate, and felsic plutons in the upper crust (e.g. Irvine, 1970; Cawthorn & Walraven, 1998; Glazner et al., 2004) . The geochronological results of this study contradict the modeling results and, instead, demonstrate that the Stillwater Complex was emplaced incrementally by numerous injections of mantlederived magmas over $3 million years, with periods of significantly reduced magma flux, a duration that is significantly longer than the shorter times needed for cooling of successive batches of magma (e.g. Annen, 2009) . Future thermal models for the cooling of mafic layered intrusions will need to include simulations that involve incremental intrusion growth with variable magma flux, changes in the thermal diffusivity of the wall-rocks, and variations in the sizes and shapes of intrusion geometry. And, critically, they will need to be benchmarked against geochronological results.
Increasingly, field, geophysical, and geochronological studies are finding that many plutonic rocks form through the amalgamation of multiple magma pulses in the form of horizontal sheets or sills (e.g. Bé dard et al., 1988; Harrison et al., 1999; Coleman et al., 2004; Glazner et al., 2004; Matzel et al., 2006; Schoene et al., 2012) , including in layered mafic-ultramafic rocks of the Critical Zone of the Bushveld Complex (Mungall et al., 2016) . This incremental growth of intrusions is supported by the results of recent thermal evolution modeling (e.g. Annen, 2009 Annen, , 2011 Schö pa & Annen, 2013; Annen et al., 2015) . Here it is proposed that the Stillwater Complex formed as a stack of sills, where the oldest rocks are preserved at the base of the intrusion (e.g. Basal series) and the youngest rocks in the upper part of the intrusion (e.g. much of the Banded series). U-Pb zircon dates reveal that some sequences of sills were emplaced out-of-sequence and occur as intercalated younger and older units throughout much of the preserved stratigraphy (Figs 15 and 16 ). The earliest sills would lose heat to the cold country rocks and consequently solidify rapidly (e.g. Basal series, sill/dike suite). Over time, successive sills thermally equilibrated with their surroundings at progressively higher temperatures as they transferred heat to their surroundings (e.g. Annen, 2011; Morse, 2011) . In the Stillwater Complex, this process was particularly effective during the many injections of magma required to build the cyclic units in the Peridotite zone (up to 21 separate injections, Raedeke & McCallum, 1984) and to maintain the limited compositional range of minerals from both the Bronzitite zone and the Peridotite zone (Jackson, 1961; Raedeke & McCallum, 1984; McCallum, 1996) . The rate of sill emplacement decreased following the 2710 Ma episode of magmatism, during a period of reduced magmatic activity (Fig. 16) . The onset of the 2709 Ma phase of magmatic activity involved multiple sill-like injections of magma beginning at or near the base of Olivine-bearing zone I (OB1) with the anorthosite 'rockbergs' remaining from the previous major magmatic phase serving as the roof. The total numbers of sills required to produce the final stratigraphic sequence of the Banded series is unknown as the uppermost sections have been lost to erosion.
The extended emplacement and cooling history of the Stillwater Complex with significant variations in magma flux and evidence for construction of individual zones or subzones through repeated intrusions of sheet-like sills on the order of 100 metres to several hundred metres in thickness, indicates that some sills would have been injected after crystallization and cooling below the solidus of earlier crystallized sills. Where then are the chilled margins? Remarkably, fine-grained chilled margins are exceedingly rare in layered intrusions and most marginal rocks do not represent rapidly crystallized melts, but instead are cumulates (e.g. Wager & Brown, 1968; Cawthorn et al., 1981; Latypov et al., 2007) . Even the best-case scenario for forming a chilled margin-emplacement of hot mantle-derived magma into cold upper crust during the initial stages of construction of a layered intrusion when temperatures gradients are the highest-generally does not result in preserved chilled margins in the rock record of individual layered intrusions (e.g. Rum, Greenwood et al., 1990; Marginal zone, Muskox intrusion, Francis, 1994 , Mackie et al., 2009 Basal series, Stillwater Complex, Zientek, 1983) . The absence of chilled margins can result from the competing effects of the thermal conductivity of the wall-rocks and the heat flux from the magma (Huppert & Sparks, 1989) . Chilled margins will form at the contact of magma and cold rock, however chilled margins are transient and can be entirely remelted due to the overwhelming heat flux from the magma compared to the relatively low conductive heat flux of the wall-rocks (e.g. Huppert & Sparks, 1989; Latypov et al., 2007; Mollo et al., 2012) . In addition, due to the presence of an extensive, hot contact aureole beneath the intrusion, the wall-rocks of the Stillwater Complex were kept at elevated temperatures and conduction of heat away from newly-injected sills would have slowed with time (e.g. Nabelek et al., 2012) . There is, thus, no a priori reason to expect internal chilled margins within a stack of sills that constitute a large, open-system and incrementally emplaced layered intrusion. Cumulates of layered intrusions may record specific textural and structural features (e.g. changes in grain size and grain shape, dihedral angle variations, discordant contacts and truncation of layers) that result from the mechanical and thermal effects of sill emplacement. Collectively, these features need to be carefully examined, or re-examined, in the context of the amalgamated sill model for emplacement of large, open-system layered intrusions as outlined in this study on the Stillwater Complex.
CONCLUSIONS
Layered intrusions have been integral components of Earth's continental crust throughout geological time and represent superb natural laboratories for assessing differentiation processes of mantle-derived magma, yet most lack robust geochronological frameworks. Such a framework has now been established for the Neoarchean Stillwater Complex, one the world's largest and best-studied layered intrusions. It is based on the most detailed geochronologic investigation of a single layered intrusion undertaken to date and involved integrating high-precision U-Pb zircon dating and trace element systematics of zircon from ultramafic and mafic cumulates in addition to the dating of crosscutting granophyres and a mafic dike.
Ti-in-zircon thermometry illustrates that zircon crystallized from late-stage highly fractionated interstitial melt in the mafic-ultramafic cumulates at near-solidus temperatures (990-720 C). Temperature ranges (DT ¼ 50-150 C) from initial zircon crystallization down to the solidus are recorded for individual samples.
Trace element ratios (Y/Hf, Sc/Th, Ce/Nd, Lu/Hf) are distinctive for samples from the different series and zones in the intrusion. Zircon from the Stillwater Complex has typical magmatic values of Th/U (0Á5-1) with the exception of anomalously high Th/U (2-20) in pyroxenites in the Ultramafic and Basal series. This geochemical fingerprint is consistent with growth of zircon from fractionated interstitial melt during and after exsolution of oxidized Cl-rich fluids that preferentially scavenged U 6þ and lead to U-depletion of the melt.
The U-Pb geochronology results indicate that the Stillwater Complex crystallized over a $3 million-year interval from 2712 to 2709 Ma and that the intrusion post-dates, not pre-dates, the 2803 Ma Mouat quartz monzonites by nearly 100 million years. Unexpectedly, there are four main periods of magmatism (c.2712 (c. , 2711 (c. , 2710 (c. , and 2709 . The dates reveal that there are major packages of rocks that are older than the stratigraphic sequences beneath them (e.g. Bronzitite zone, Anorthosite zone I, Anorthosite zone II) and, consequently, the intrusion was not constructed in a sequential stratigraphic order from the base (oldest) to the top (youngest) from a progressively fractionating magma chamber. The thick anorthosite units of the Middle Banded series are older (2710 Ma) than their underlying and overlying rock sequences (2709 Ma) and support a model for their formation whereby neutrally buoyant plagioclase became concentrated as anorthositic 'rockbergs' while norites and gabbronorites of the Lower Banded series were forming below. The main volume of mafic magmatism in the Stillwater Complex was intruded at 2709 Ma and was coincident with the formation of Olivine-bearing zone 1, including the J-M Reef, the world-class platinum group element deposit. The ages of cross-cutting granophyres (2709 Ma), which likely represent crystallization differentiates formed during the final stages of consolidation of the mafic cumulates of the Banded series, and a mafic dike (2709 Ma) that cuts the J-M Reef, are also constrained. Extensive hydrothermal activity presumably related to greenschist facies metamorphism at c.1Á7 Ga affected the U-Pb results of some baddeleyite grains and most zircon-titanite-rutile analyzed from the granophyres.
It is proposed that the Stillwater Complex formed as a stack of amalgamated sills with each major zone representing multiple injections of magma, some of which were emplaced out-of-sequence. This implies that magma flux can vary substantially during the assembly of large, open-system layered intrusions. The Stillwater Complex represents part of the emerging continuum of plutonic rocks (ultramafic-mafic-intermediate-felsic) in the crust that are now recognized as having been assembled by incremental accumulation of magma to produce large composite intrusions. 
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